Our previous studies have shown that vaccinia virus ( VV ) expressing p53, interleukin -2 ( IL -2 ) , and interleukin -12 ( IL -12 ) results in an effective inhibition of subcutaneous glioma growth in mice. We propose that combination therapy of tumors with virusmediated p53 and cytokine genes offers the prospect of synergistic antitumor response. In this work, the antitumor efficacy of VVmediated combination of p53, IL -2, and IL -12 genes was evaluated in a nude mouse model. To minimize cytokine -associated toxicity, a virus dose as low as 10 plaque -forming units of VV expressing IL -2 and IL -12 per animal was used alone and together with 2Â10 7 plaque -forming units of VV expressing p53. Intratumoral treatment of established C6 glioma with recombinant viruses rVVp53, rVV -mIL2, rVV -mIL12, and rVV -2 -12 induced the prolonged expression of p53, IL -2, IL -12, and both cytokines simultaneously. The combination of rVV -p53 / rVV -mIL12 or rVV -p53 / rVV -2 -12 resulted in significant tumor inhibition compared to single modality treatment ( P < .05 ) . rVV -p53 / rVV -2 -12 therapy was associated with significant elevation of natural killer, Mac -1 + , and NKT cells in blood and interferon -and tumor necrosis factor -expression in tumors. The difference in the inhibition of tumor growth between the rVV -p53 / rVV -mIL2 combination and rVV -p53 was statistically insignificant. These data demonstrate that gene therapy based on VV -mediated combination of p53, IL -2, and IL -12 treatment may be a promising adjunctive strategy for glioma treatment.
G lioblastoma, a tumor derived from glial precursors, is the most common primary tumor of the central nervous system in adults. The median survival time for patients with these and other high -grade tumors of the central nervous system is less than 1 year. 1 Mutations in p53 have been found in 63± 65% of high -grade and 63% of low -grade astrocytomas. 2, 3 The documented functions of p53 include cell growth arrest that is partially mediated by p21 up-regulation and the induction of apoptosis that may involve the apoptosis -regulating genes, Bcl -2 and Bax. 4 Several studies have demonstrated that virus -mediated delivery of wildtype p53 can suppress the growth of a number of human cancer cell lines in vitro and in vivo.
5 ± 8 Therefore, therapeutic strategies designed to restore wild -type p53 protein activity in cancer cells are particularly appealing.
Recently, it has been demonstrated that delivery and overexpression of wild -type p53 gene -induced apoptosis in rat and human glioma cell lines in vitro 9 ± 11 can be independent of endogenous p53 status. 11, 12 p53 transduced into established intracranial rat 9L glioma suppressed tumor growth by 40%. 13 In a nude mouse model, injection of adenovirus 14 or vaccinia virus (VV ) 15 expressing p53 also resulted in effective inhibition of glioma growth. Although these studies demonstrated the potential of p53 gene therapy, the efficacy of the treatment is far from ideal, and further improvements in this anticancer strategy are needed. For example, administration of multiple therapeutic modalities may provide a more effective approach for treatment of cancer. Indeed, it was demonstrated that overexpressed p53 rendered the tumor cells more sensitive to radiation 16, 17 and cisplatin -induced apoptosis, 18 whereas each agent alone either failed to achieve a significant antitumor effect or slowed tumor growth only modestly. Other therapeutic genes, like those encoding cytokines, combined with p53 treatment may also augment an antitumor effect. Recently, Putzer et al 19 have shown that combined delivery of p53 and interleukin -2 (IL -2 ) genes into murine breast tumors resulted in significant tumor regression in 65% of animals. IL -2 and interleukin -12 (IL -12) are potent agents that have been demonstrated to possess antitumor activity through their ability to stimulate cytotoxic T lymphocytes, to enhance natural killer ( NK ) cell activity, and to activate tumorinfiltrating lymphocytes. 20 ± 22 In addition, the IL -12± mediated antitumor effect is also related to its antiangiogenic properties and ability to increase interferon-( IFN -) secretion. 23 Previous studies 24, 25 in both xenogenic and syngeneic glioma models have shown that intratumoral ( i.t. ) IL -2 production may stimulate an immune antitumor response with the predominance of CD4 + and CD8 + lymphocytes, NK cells, neutrophils, and activated macrophages. IL -12 has been recently shown to induce antiglioma immune activity in rodent models. 26 ± 28 To increase the efficacy of antitumor therapy, we are studying VVs as vectors for gene therapy. Recently, we have shown that VV expressing p53 (rVV-p53) was effective in tumor therapy of nude mice in ex vivo experiments and in a subcutaneous (s.c. ) glioma model. 15 We also found that VV carrying either the mouse IL -2 ( rVV-mIL2 ) or IL -12 ( rVV-mIL12 ) gene could induce significant tumor inhibition in a pre -established C6 glioma model even when the viral dose was as low as 100 plaque -forming units ( pfu ). 29 However, like most other cytokine therapies, toxicity is a major limitation of the strategy. To achieve better antitumor efficacy and minimize the risk for cytokine toxicity, we investigated in the present study the effects of treatment with combinations of low -dose rVV-mIL2 or rVV-mIL12 and highdose rVV-p53 in a C6 glioma model. Treatment with recombinant viruses, combined at a ratio of 10:2Â10 7 pfu, effectively expressed their transgenes in vivo and synergistically inhibited tumor growth. In addition, the data support the premise that the underlying mechanisms of action included recruitment of NK cells and induction of IFN -.
MATERIALS AND METHODS

VV constructs
Construction and characterization of recombinant virus rVV2, rVV4, rVV-p53, rVV-mIL2, rVV-mIL12, and VV containing both IL -2 and IL -12 genes ( rVV-2 -12 ) were performed as previously described. 15, 29 rVV2 was the control virus for rVV-p53, whereas rVV4 was the control for recombinant viruses carrying genes encoding cytokines. Instead of a therapeutic gene, in rVV2 and rVV4, reporter genes lacZ of Escherichia coli and firefly luciferase (luc ) were inserted into the same position of the genome that carried the therapeutic genes in recombinant viruses.
Cell lines and animals
CV-1 cells, African green monkey kidney fibroblasts, were obtained from the American Type Culture Collection ( ATCC, Rockville, MD ), maintained in Dulbecco's modified Eagle's medium, and used to propagate the rVV constructs. The rat C6 nitrosourea -induced glioma cell line, originally established by Benda et al, 30 was cultured in RPMI-1640 medium (Cellgro /Mediatech, Herndon, VA ) . Both media were supplemented with 5% fetal bovine serum and antibiotic ±antimycotic solution (Sigma, St. Louis, MO ) .
Athymic nude mice (male; n = 124) were obtained from Charles River Breeding Laboratories (Wilmington, MA ) at 4 ±6 weeks of age and acclimatized for at least 2 weeks before study initiation. All animal experiments were approved and conducted in accordance with the animal care policies of Loma Linda University.
Infection of cells in vitro
To determine whether coinfection with two different rVVs would result in interference with the expression of one or the other of the transgenes, equal amounts of rVV-p53 and rVV-mIL2 were used to infect C6 glioma cells in vitro at a multiplicity of infection (MOI) of 0.2 pfu /cell. The virus was added to the cell monolayer ( 1Â10 6 cells / well) and incubated at 378C for 1 hour. Complete RPMI 1640 medium was then added, and samples at specific time points were taken and frozen at À 808C. The level of IL -2 secreted into the medium was measured by enzymelinked immunosorbent assay ( ELISA ) using a mouse IL -2 Duoset 2 kit ( Genzyme, Cambridge, MA ). p53 expression was detected by Western blot as previously described.
11
Because the ratio of cytokine -and p53 -producing viruses was 10:2Â10 7 pfu in the combined therapy, we did not rule out the possibility that high -dose virus could inhibit the infection and replication of the low-dose virus. To test this possibility, C6 cells were coinfected with rVV4 expressing the lacZ gene and wild -type VV (wtVV ) at a ratio 1:100. Cells were then fixed with 2% formaldehyde (vol /vol ) and 0.2% glutaraldehyde (vol /vol ) in phosphate -buffered salines ( PBS ) for 30 minutes. Fixed cells were washed two times with PBS and stained in X -gal solution for 4 hours at 378C. X -gal solution contained 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl 2 , 1 mg / mL X -gal in PBS.
The level of lacZ gene expression was also determined by chemoluminescent assay. C6 cells were coinfected with wtVV and/or rVV4 as described above. Cells were lysed 24 hours later in lysis buffer and assayed using the Galactolight Plus 2 kit (Tropix, Bedford, MA ). Bioluminescence was measured by ML300 microplate luminometer (Dynatech Laboratories, Chantilly, VA ).
Functional assay of p53
The p53 function was analyzed by DNA fragmentation assay. C6 cells were plated in 10-cm 2 dishes at 9Â10 6 cells/ dish 24 hours before virus infection. Cells were then infected with rVV2, rVV4, rVV2 /rVV4, rVV-mIL2, rVV-p53, and rVV-p53/ rVV-mIL2 with 0.2 pfu of each virus. The cells were harvested at 48 hours postinfection and lysed in 10 mM Tris ±HCl pH 7.5, 1 mM EDTA, and 0.2% Triton X -100. After incubation on ice for 50 minutes, debris was centrifuged and supernatant was sequentially digested with 400 g /mL RNase and 400 g /mL Protease K for 30 minutes at 378C. Samples were then extracted with phenol / chloroform / isoamyl alcohol for three times. DNA was precipitated and dissolved in 30 L H 2 O, and 4 g of DNA from each sample was analyzed by electrophoresis in 2% agarose gel.
Tumor growth in vivo
An aliquot of 5Â10 5 C6 glioma cells was injected s.c. in the right hind leg of athymic nude mice. Animals were then randomly divided into 11 groups ( n =8 ±12 /group ): Figure 2 . p53 expression in cells coinfected with rVV -p53 / rVV -mIL2 in vitro. C6 glioma cells ( 1Â10 6 / well ) were dispensed into six -well plates and infected with rVV -mIL2 ( A ) or rVV -p53 / rVV -mIL2 ( B ) at 0.2 pfu of each virus. Cells were harvested and homogenized in lysis buffer at 6, 24, 48, 72, and 96 hours. Proteins ( 80 g ) were separated by 12% sodium dodecyl sulfate -polyacrylamide gel electrophoresis and probed with primary antibody ( DO -7, Vector Laboratories ) . The blot was then incubated with horseradish peroxidase ± conjugated secondary antibody and developed in color regent. p53 expression by the SW480 cell line served as positive control and wild -type VV served as negative control. normal nontumor-bearing control, Hanks' buffered saline -treated tumor-bearing control, rVV4 control, rVV2 control, rVV-mIL2, rVV-mIL12, rVV-2 -12, rVV-p53, rVV-p53 /rVV-mIL2, rVV-p53 /rVV-mIL12, and rVVp53 /rVV-2 -12. Approximately 5 days later, when palpable tumors had developed in tumor cell -injected recipients, a single i.t. injection of Hanks' solution, 10 pfu of rVV4, or cytokine recombinant VV was performed in a volume of 50 L. Twenty-four hours later, mice in the appropriate treatment groups received rVV2 or rVVp53 at the dose of 2Â10 7 pfu. Animals were weighed twice a week; tumor dimensions were measured with calipers. Subsets of mice from each group were euthanized at 4 and 9 days after treatment. At the 4-day time point, gene expression was expected to be well underway, whereas the 9 -day time point was selected because mean tumor volume in the saline -treated control group had reached the maximum allowed ( $2500 mm 3 ). Tumors from mice euthanized on days 4 and 9 were excised and one half was fixed in 10% buffered formalin. The remaining portion was snap frozen in liquid nitrogen and stored at À 808C.
Detection of p53 and cytokine expression in tumors
Frozen tumors were thawed and cut into small pieces in PBS with 100 M phenylmethylsulfonyl fluoride. After centrifugation at 358Âg for 5 minutes, supernatant was collected and assayed for IL -2, IL -12 ( Duoset 2 kit, Genzyme ) , IFN -, and TNF -( Quantikine 2 , R&D Systems, Minneapolis, MN ) expression by ELISA.
The p53 expression was detected by immunohistochemistry as previously described. 15 Briefly, formalin-fixed tumors were embedded in paraffin and sectioned (5 m). Monoclonal antibody against human p53 (1:100, clone DO -7, Novocastra Lab, Newcastle, UK ) and Cy 3-conjugated antimouse antibody ( 1:1000, Jackson Immuno -Research Laboratories, West Grove, PA ) were used as primary and secondary antibodies, respectively. After immunohistochemical reactions, sections were counterstained with 4 H ,6 -diamidine -2 -phenylindole dihydrochloride for nuclear detection. Expression of p53 was analyzed using fluorescence microscopy.
In situ TUNEL assay
Apoptosis -associated DNA cleavages were detected using terminal deoxynucleotidyl transferase -mediated dUTP nick end -labeling of DNA ( TUNEL, in situ cell death detection kit, fluorescein, Boehringer Mannheim, Indianapolis, IN ). Tumor sections on day 9 after virus infection were deparaffinized and permeabilized with 0.1% Triton X -100 in 0.1% sodium citrate for 2 minutes on ice. After several washes in PBS, the sections were incubated with the TUNEL reaction mixture containing fluorescein-conjugated dUTP for 60 minutes at 378C in the dark as specified by the manufacturer (Boehringer Mannheim ). Following three washes with PBS, samples were directly analyzed using a fluorescence microscope.
Flow cytometry analysis
Four and 9 days after virus infection, a whole blood sample from each animal was collected in heparinized tuberculin syringes via cardiac puncture immediately after euthanasia. Spleens were removed and smashed in RPMI-1640 medium before filtration. The leukocyte counts in blood and spleen were determined using an ABC Vet Hematology Analyzer ( Heska, Waukesha, WI ). An aliquot (50 L ) of each sample was then stained with appropriate fluorescence -conjugated monoclonal antibodies against the following markers: CD45 ( all leukocytes ) , CD19 ( B cells ), pan -NK (NK cells ) , NK1.1/TCR -(NKT cells), and Mac -1 ( all phagocytes ) ( PharMingen, San Diego, CA ). Stained cells were washed and analyzed using standard procedures and a FACSCalibur 2 flow cytometer with CellQuest 2 software version 3.1 ( Becton Dickinson, San Diego, CA ). Tumor growth in combination groups was compared with saline, virus control, and single agent treated groups. rVV -p53 / rVV -2 -12 and rVV -p53 / rVV -mIL12 combination therapy resulted in significantly smaller tumor volumes ( P < .01 and P < .05, respectively ) by day 9 after treatment compared to all other groups.
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Data analysis
The data were analyzed using one -way ANOVA and Tukey's HSD test ( SPSS, Chicago, IL ) . A P value of < .05 was considered to indicate significant differences among groups.
RESULTS
Interference in transgene expression by coinfection with two different rVVs and p53 function C6 cells infected with rVV-p53 or rVV-mIL2 overexpressed p53 or IL -2 with the peak of expression around 24 ± 48 hours postinfection. However, the expression of these recombinant proteins was reduced when cells were co-infected with rVVp53 and rVV-mIL2 at the same MOI ( Figs 1 and 2) , although p53 function remained active. Indeed, the DNA fragmentation pattern induced by rVV-p53 /rVV-mIL2 infection did not differ from that of rVV-p53 treatment. Cells infected by control virus (rVV2, rVV4 ) also showed a certain level of apoptosis that was substantially lower compared with the rVV-p53 ± treated cells (data not shown) .
To determine the influence of high -dose virus on the infection and replication ability of the low -dose virus strain, C6 cells were coinfected with the rVV4 /wtVV combination at a ratio of 1:100. After exposing the cells to viruses for 24 hours, the cells expressed a low level of rVV4 -derived lacZ ( Fig 3 ) , whereas infection of cells with rVV4 alone at the same MOI resulted in a significant increase in reporter expression ( 111.9 1.31 rlu /10 6 cells). These data indicate that high -dose virus can inhibit infection or replication of the low -dose virus if two viruses are combined.
Effect of p53 and cytokine combination therapy
This experiment was designed to test whether low doses of virus -mediated cytokine treatment can enhance the antitumor effect of p53. Athymic nude mice carrying established C6 tumor xenografts were i.t. treated with different p53 / cytokine combinations. On day 9 postinjection, animals treated with rVV-p53 /rVV-mIL12 and rVVp53 / rVV-2-12 showed significant tumor growth inhibition ( P <.05 and P < .01, respectively ) compared with those treated with a single construct (Fig 4) . Combination therapy with rVVp53 /rVV-mIL2, compared with rVV-p53 treatment, resulted in no significant increase in therapeutic effect ( P= .078 ). No significant differences in mean tumor volume were noted between rVV-p53 and control rVV2 groups ( 1537.3 119.2 and 1745.5 136.9 mm 3 , respectively, on day 9 ), although in comparison with the saline control group they showed significantly reduced tumor growth.
Treatment with a single injection of 10 pfu of rVV-mIL2, rVV-mIL12, or rVV-2-12 did not result in tumor inhibition. rVV-mIL2 and rVV-mIL12 induced low, if any, cytokine toxicity. However, the construct rVV-2 -12 expressing both Figure 5 . In situ detection of p53 expression and apoptosis. A: Paraffin -embedded tumor sections obtained from saline -, rVV2 control, and rVVp53 ± treated animals 9 days after virus injection were stained for p53 expression by immunohistochemistry. B: Tumor sections from these groups were also stained for apoptosis by TUNEL assay as described in Materials and Methods ( magnification Â100 ) .
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rVV -mediated production of recombinant proteins in tumors
Overexpressed p53 protein could be detected by immunohistochemistry at least 9 days after injection of rVV-p53 or p53 /cytokine expressing combination viruses ( Fig 5A ) . A strong signal was mostly found around or in the necrotic areas. The expression of p53 was not impaired after combined p53/ cytokine therapy. Tumors treated with the control rVV2 virus showed a negative result.
On day 4 after virus injection, IL -2 expression was detected in tumors from two of four animals treated with rVV-2 -12 (18.3 and 3.4 ng /g tumor, respectively ) and in one of four animals treated with rVV-p53 /rVV-2 -12 ( 5.67 ng /g tumor ) . On day 9, only one animal treated with rVVp53 /rVV-2-12 showed IL -2 expression in tumor (6.6 ng /g tumor ) .
IL -12 was expressed in tumors of almost all animals treated with rVV-mIL12, rVV-2 -12, rVV-p53/ rVVmIL12, and rVV-p53 /rVV-2 -12, reaching the highest level, 57.3 ng /g tumor, on day 4. Only one half of the animals expressed the cytokine on day 9, with the highest value being 41.6 ng /g tumor.
Apoptosis induced by recombinant VV
On day 9 after virus injection, apoptotic cells were detected by TUNEL staining in rVV2, rVV-p53, and p53 /cytokine-treated groups ( Fig 5B ) . These cells exhibited apoptotic morphology, containing strongly labeled condensed nuclei and micronuclei. TUNEL -positive cells were seen mostly around the necrotic tumor areas. Surprisingly, no difference was observed in tumor cell apoptosis between control rVV2 and rVV-p53 groups. Staining of saline -treated tumor cells showed few apoptotic cells. (P < .05 versus rVV4, rVV -mIL2, and rVV -2 -12 on day 4. #P < .05 versus rVV4, rVV -mIL2, rVV -2 -12, and rVV -p53 / rVV -mIL12 on day 4. **P < .05 versus saline, rVV4, rVV -mIL2, rVV -2 -12, and rVV -p53 / rVV -mIL12 on day 4. yyP < .05 versus no tumor and rVV -2 -12 on day 9. zzP < .05 versus saline on day 9. xxP < .05 versus rVV -2 -12 on day 9. {{P < .05 versus all other groups on day 9 except rVV2 and rVV -p53 / rVV -mIL2.
Characterization of blood and spleen leukocytes by flow cytometry
The total number of leukocytes was consistently higher in the blood from all tumor-bearing mice compared to control animals with no tumor ( Table 1 ) . However, statistically significant increases were found only for rVV2, rVV-p53, and rVV-p53 /rVV-mIL2 groups on day 4. By day 9, rVV2 group and all four groups treated with high -dose ( 2Â10 7 pfu ) recombinant constructs containing p53 as well as the saline -treated control group produced increase in the total number of leukocytes. In the spleen, total leukocyte counts were increased in most of the tumor-bearing groups by day 9 compared to the normal control group ( Table 2 ) . The most striking exception was the group treated with rVV-2 -12 ( day 9 ). There was no significant increase above normal in blood mononuclear cells in all virus -treated groups at both time points (Table 1 ) . Splenic mononuclear cell numbers were above normal only on day 9 in mice treated with rVV2, rVV-p53, and rVV-p53 /rVV-2-12.
On day 4 after a single i.t. injection of rVV-p53 /rVV-2-12, analysis of blood ( but not spleen ) samples showed a distinct increase in both the percentages and numbers of the NK cell population as compared with nearly all other treatment groups, as well as normal nontumor-bearing and saline-injected controls ( P <.05; Tables 1 and 2 and Figs 6  and 7 ) . By day 9, the NK cell increase induced by rVV-p53 / rVV-2-12 was no longer evident. rVV-p53 treatment alone enhanced the NK cell population in the blood ( not spleen) in relation to nearly all of the other groups at both time points ( Tables 1 and 2 and Figs 6 and 7 ) . A substantial decrease in both the percentages and numbers of the NK -cell population was observed in spleens of rVV-2 -12 ±treated animals on day 9 (Fig 7) ; relatively low number of NK cells was found in blood of rVV-2 -12 ±treated animals as well. It may be related to the cytokine toxicity -related change induced by the combination of IL -2 and IL -12. Interestingly, a significant decrease was not found when the two cytokinecontaining constructs were combined with rVV-p53.
There were few significant differences observed in B -cell numbers in both the blood and spleen (Tables 1 and 2 ). The most dramatic observations include the low counts in the rVV-2-12± treated group and the relatively high counts seen in the spleens from rVV2, rVV-p53, and rVV-p53/ rVV-2-12 groups on day 9. Thus, the changes in B -cell percentages ( Figs 6 and 7) that were especially striking in the blood on day 4 are likely to reflect fluctuations in other cell types.
The number of Mac -1 + cells was greatly elevated in both the blood and spleen on day 9 after high -dose virus (2Â10 7 pfu ) treatment ( rVV2 and all four p53-containing con- zAll data are reported as mean SEM. xP < .05 versus no tumor. {P < .05 rVV2, rVV -mIL12, rVV -p53, rVV -p53 / rVV -mIL2, and rVV -p53 / rVV -2 -12 on day 9. (P < .05 versus rVV2 and rVV -p53 on day 9. #P < .05 versus rVV -p53 / rVV -mIL12 on day 9.
Cancer Gene Therapy, Vol 7, No 11, 2000 CHEN, TIMIRYASOVA, ANDRES, ET AL: COMBINED THERAPY FOR GLIOMA USING P53, IL-2 AND IL-12 structs ), as compared with the normal nontumor control group (Table 3 ). The percentages of these cells in the blood ( primarily neutrophils and monocytes ) doubled in almost all high -dose (2Â10 7 pfu ) rVV-treated animals on days 4 and 9 (Fig 6 ) , indicating that phagocytic cell activation and/ or recruitment was caused by high -dose application of the VV vector. However, spleen cell suspensions showed almost no significant differences in percentages of Mac -1 + cells ( primarily macrophages ) among groups at both time points of testing (Fig 7 ) .
NKT cells (NK1.1 + TCR -+ ) , which have previously been reported to contribute to IL-12± induced tumor inhibition, 31 were detected at very low levels in the blood and spleen ( Table 3) . Nonetheless, a significant 3.1 -fold increase in the NKT cell number was noted in the blood from the mice treated with rVV-p53 /rVV-2 -12 compared to the nontumor-bearing control group. At the same time, the level of this cell population in the blood was significantly higher than that for saline-injected and rVV-mIL12 ± treated mice. A similar NKT cell enhancement with rVV-p53/ rVV-2-12 treatment was observed in the spleen on day 4.
Intratumoral induction of IFN -and TNF -
High production of IFN -was measured only in some tumors on day 4 after treatments with rVV-mIL12 ( 891.4 pg /g tumor ) , rVV-2-12 ( 5000 pg/ g tumor ) , rVV-p53 / rVV-mIL12 (600 pg /g tumor ), and rVV-p53 /rVV-2 -12 ( 1227.3 pg /g tumor ), whereas all tumors treated with Hanks' saline, the two virus controls (rVV4, rVV2 ), rVVmIL2, and rVV-p53/rVV-mIL2 showed a low level of IFNexpression (less than 30 pg/g tumor ). The striking Figure 6 . Percentages of NK, B, and Mac -1 + cells in peripheral blood. The proportion of each cell type was determined by flow cytometry analysis. NK and B cell percentages are based on total lymphocytes; Mac -1 + cell percentages are based on total leukocytes. Each bar represents the mean SEM per group. ( a ) P < .05 versus rVV -mIL12; ( b ) P < .05 versus normal; ( c ) P < .05 versus all other tumor -bearing groups except rVV -mIL -12 on day 4; ( d ) P < .05 versus saline, rVV -mIL2, and rVV -mIL12 on day 9; ( e ) P < .05 versus saline, rVV -mIL2, and rVV -mIL12 on day 9; ( f ) P < .05 versus saline on day 4; ( g ) P < .05 versus rVV2, rVV -p53, and rVV -p53 / rVV -2 -12 on day 4; ( h ) P < .05 versus normal and saline on day 9. NK cell ANOVA: P < .001 and P < .01 on days 4 and 9, respectively; B and Mac -1 + cell ANOVA: P < .001 on both 4 and 9 days. and rVV -2 -12 on day 4; ( b ) P < .05 versus normal, rVV4, and rVVp53 / rVV -mIL12 on day 9; ( c ) P < .05 versus rVV -mIL12 and rVV -2 -12 on day 4; ( d ) P < .05 versus normal, rVV4, and rVV -p53 / rVVmIL12 on day 9; ( e ) P < .05 versus normal. NK and B cell ANOVA: P < .05 on both 4 and 9 days; Mac -1 + -cell ANOVA: P < .01 on day 4.
Cancer Gene Therapy, Vol 7, No 11, 2000 difference in IFN -expression after treatments that included IL -12 versus those that included IL -2 therapy supports the premise that induction of IFN -is a characteristic feature of IL -12 therapy. A 6-fold or greater increase in TNF -expression was detected in one to three of four tumors tested per group following rVV-2 -12 (74.1 pg /g tumor ), rVV-p53 /rVVmIL2 (91.2 pg /g tumor ), rVV-p53/rVV-mIL12 ( 70.5 pg/ g tumor ), and rVV-p53 /rVV-2 -12 (332.9 pg /g tumor ) treatment compared with the Hanks' saline control, both virus controls, rVV-mIL2, and rVV-mIL12 groups, which had less than 10 pg /g tumor. Some increase was found in the rVV-p53 group (23.1 pg/ g tumor ) as well.
DISCUSSION
Use of VV, a poxvirus, may be advantageous for gene therapy compared to other virus vectors due to its wide host range, efficient infectivity, large cloning capacity, and strong promoter systems. Most of vaccinia vectors are lytic viruses, but attenuated, replication -deficient strains, and inactivated viruses that are unlikely to cause generalized infection have also been described. 32 VV has successfully been used as a vector for immunotherapy, 33 ± 35 although its potential remains to be investigated in various gene therapy models.
Combination gene therapy offers therapeutic advances through the additive or synergistic effect induced by two or more therapeutic genes. The p53, IL-2, and IL -12 proteins are well known to have potent antitumor properties in animal studies, as well as in clinical trials. Here we evaluated whether combined VV-mediated delivery of these genes into tumors may elicit a synergistic antitumor effect by augmenting innate immune responses against C6 glioma cells and by inducing tumor cell apoptosis. A synergistic effect could be explained by several molecular mechanisms. First, antitumor action of p53 and IL -12 may occur through inhibition of angiogenesis: (a ) p53 has been shown to regulate the release of anti -angiogenic factors, such as thrombospondin 1; 36 (b ) over-expression of p53 may also inhibit the expression of vascular endothelial growth factor; 37 and ( c) IL-12 can inhibit angiogenesis by inducing Table 3 . Mac -1 + and NKT Cells in Blood and Spleen ANOVA: P < .001 for Mac -1 + cells in blood on both days 4 and 9; P < .05 and P < .001 for Mac -1 + cells in spleen on days 4 and 9, respectively; P < .01 for NKT cells in blood on day 9, P < .01 and P < .05 in spleen on both days 4 and 9, respectively IFN -, chemokine IP-10, and NK cell killing of endothelial cells. 23 Second, formation of apoptotic bodies by tumor cells because of overexpressed p53 may activate macrophages and induce a local inflammatory response, which can be amplified by VV-induced i.t. IL -2 and /or IL -12 production. Third, TNF -released from activated macrophages and NK cells can induce hemorrhagic necrosis of tumors in vivo through destruction of tumor vasculature 38 and trigger apoptosis in sensitive tumor types. 39 Finally, IL-2 and IL -12 may enhance the immune response to p53 protein overexpressed in rVV-p53± infected tumor cells by activating NK cells, macrophages, and B cells. 40 In this study, we demonstrated that the rVV-p53 /rVVmIL12 and rVV-p53 /rVV-2 -12 combination therapies with 2Â10 7 pfu of rVV-p53 and 10 pfu of cytokine -expressing viruses induced a statistically significant inhibition of tumor growth as compared with single agent treatment alone. In contrast, we did not observe marked reduction of tumor volume after rVV-p53 /rVV-mIL2 treatment, suggesting that the low dose ( 10 pfu ) of the IL -2± expressing virus was insufficient to confer an antitumor effect.
rVV-p53 /rVV-2 -12 therapy, which showed greatest tumor inhibitory effect, induced substantial increases of NK cells in the blood on day 4, but not at later time point, suggesting that early proliferation of the NK cells may have played an important role in the observed antitumor effect. In addition, the increase of NKT cells from mice treated with rVV-p53 /rVV-2-12 indicates that this cell population may also have participated, at least to some extent, in slow tumor progression. The high level of IFN -detected in tumors following rVV-p53/ rVV-2-12 treatment may indicate the local activation of NK cells. Previously, it has been shown that the combination of IL-2 and IL-12 provides a strong stimulus for IFN -production by NK cells. 41, 42 However, locally induced IFN -expression, which has been demonstrated to stimulate the secretion of other antitumor factors and inhibit the angiogenesis of the tumor, 43 is necessary but not sufficient for effective tumor therapy. 42, 44 Indeed, we also observed relatively high production of IFN -in tumors of rVV-2-12± treated animals, but with no significant tumor growth retardation. The finding that TNF -, a major product of activated macrophages, was elevated in the tumors suggests that tumor-infiltrating macrophages may have contributed to the antitumor effect of the combination therapy. However, further study is necessary to more specifically define the mechanisms of combined p53/ cytokine-mediated induction of NK and other nonspecific effector cells, IFN -and TNF -production, and the role of p53 in this process.
Unlike in vitro apoptosis study, we did not find the expected increase in apoptosis using rVV-p53 ±treated versus control virus -treated tumors, suggesting that leukocyte activation by a high dose of control viral vector may be an important factor in the observed apoptosis. The p53-mediated antitumor effect may be explained by other mechanisms. A high level of NK cells after rVV-p53/ rVV-2 -12 treatment and an increased i.t. TNF -in p53/ cytokine-treated animals suggest an important role of p53 in antitumor effects. rVV-p53 alone also enhanced the numbers of total leukocytes, NK cells, and Mac -1 + cells, but the most intriguing increases were seen in NK cells on day 9. Overall, the data show that virus -mediated, overexpressed p53 alone can induce significant up -regulation of leukocyte populations that are known to have antitumor properties. The addition of rVV-2-12 to rVV-p53 resulted in a synergistic potentiation of NK cell population at an early stage. It is interesting that the rVV-p53/ rVV-2 -12 combination decreased the cytokine-associated side effects caused by rVV-2-12, even though the dose of the rVV-2 -12 was the same in both groups. Analysis of leukocyte populations generally showed low percentages and numbers of NK, B, Mac -1 + , and NKT cell populations after rVV-2-12 injection, which was not observed in the rVV-p53/ rVV-2 -12 group. This finding suggests that the combination of p53 with cytokine gene therapy may be a safer strategy than cytokine therapy alone. It is not excluded that an increase in the ratio of rVV-2-12 to rVV-p53 in combination therapy could result in a greater therapeutic effect.
In summary, combined rVV-p53 /rVV-2 -12 and rVVp53 /rVV-mIL12 treatments elicited a significant antitumor effect in the nude mouse s.c. C6 glioma model. Under most conditions, the combination treatments were administered with no detectable toxicity. The data also show that recruitment of NK, NKT, and Mac -1 + phagocytic cell populations may account, at least partly, for the therapeutic effect. In our future studies, the combination strategy will be tested in a syngeneic brain tumor model following orthotopic implantation of glioma cells.
